The utilization of glucose, amino acids, fatty acids, bicarbonate, purines, and pyrimidines by the Reiter treponeme was studied by using carbon 14-labeled substrates. The distribution of carbon from the substrates into various cell components was determined. Radioactivity from labeled bicarbonate in the cellular protein was restricted to aspartic acid. The Reiter treponeme is capable of synthesizing glycine, serine, alanine, aspartic acid, glutamic acid, proline, and possibly ornithine. Phenylalanine, arginine, lysine, leucine, isoleucine, valine, threonine, and histidine do not appear to be synthesized by this treponeme. The Reiter treponeme cannot synthesize fatty acids, and thymine is not incorporated. Glucose is a major carbon and energy source. Arginine, histidine, serine, threonine, and glutamic acid are degraded by the Reiter treponeme and may serve as energy sources. 
ogenously supplied amino acids contribute 41 to 54% of the cellular material; fatty acids, 18%7e; and glucose, 28 to 43%c.
Studies on the nutritional requirements and metabolism of Treponema pallidum have been seriously hindered because no one has succeeded in cultivating reproducibly in vitro a pathogenic strain of this organism. Studies on T. pallidum have, therefore, been carried forth in two directions: on one hand, survival studies in liquid media of virulent T. pallidum harvested from rabbit testes; on the other, studies on the avirulent cultivable strains of T. pallidum such as the Reiter strain. The relationship of the Reiter treponeme to virulent T. pallidum has been discussed elsewhere (35) .
A number of media have been used in the past for the cultivation of avirulent treponemes. All are complex in composition, generally consisting of hydrolyzed protein, tissue extracts or serum, a reducing agent such as sodium thioglycolate, a vitamin mixture, glucose, and salts. Extensive studies on the nutritional requirements of the Reiter treponeme by Steinman et al. (30) have resulted in a defined medium consisting of 13 amino acids, 1 pyrimidine, 3 vitamins, glucose, inorganic salts, and crystallized serum albumin. The function of the crystallized serum albumin, according to these investigators, is to act as a detoxifying carrier for an essential lipid; it could be replaced by defatted albumin and certain fatty acids, but by neither alone (25 NaOH for 24 hr at 37 C. After the product was neutralized with hydrochloric acid, perchloric acid was added to a final concentration of 0.5 M; the mixture was cooled to 0 C and centrifuged. The supernatant contained the hydrolyzed RNA. A deoxyribonucleic acid (DNA) fraction was obtained by heating the RNA-extracted pellet with 2 ml of 0.5 M perchloric acid at 90 C for 30 min with occasional stirring. This was centrifuged, and the resulting supernatant contained the DNA. In the labeled amino acid incorporation experiments, the hot acid-precipitated pellet was dissolved in 0.5 ml of 1 N NaOH containing 500,ug of the unlabeled amino acid being tested, heated at 70 C for 30 min, and precipitated and washed twice with 0.5 M perchloric acid. In the incorporation experiments with other labeled compounds, the pellet was washed three times with 0.5 M perchloric acid. The pellet was dissolved in 1 N NaOH for the protein assay and scintillation counting. The pellet is referred to as the protein fraction. One-tenth-milliliter volumes of the cell fractions were spotted onto paper discs, allowed to dry, and assayed in a Nuclear-Chicago 6804 scintillation counter at room temperature. Perchloric acid was removed with KOH from the acid-soluble fractions before fractions were spotted. Scintillation fluid containing 2,5-diphenyloxazole and 1,4-bis-2-(5-phenyloxazolyl)-benzene (Packard) dissolved in toluene was used. Cell protein was determined by the method of Lowry et al. (22) , and glucose was assayed by the method of Hoffmann (13 Utilization of amino acids. The thioglycolate medium was subjected to amino acid analysis to determine the concentrations of free amino acids present. Table 2 shows the free amino acids present in two different lots of thioglycolate medium.
High concentrations of lysine, leucine, phenylalanine, valine, and arginine are present, but no proline was found. The results obtained on the two different lots are similar. Analysis of the hydrolyzed protein fractions revealed that the radioactivity of incorporated leucine, isoleucine, phenylalanine, valine, tyrosine, glycine, alanine, and aspartic acid remained entirely in the original amino acid ( Table 4 ). The radioactivity of incorporated arginine, lysine, histidine, serine, threonine, and glutamic acid appeared in the original amino acid and in the other amino acids listed in Table 5 . More than half of the radioactivity from incorporated histidine appeared in glutamic acid, and glycine was the major product of the degradation of threonine. Some or all of the ornithine detected may be a result of the acidic hydrolysis of arginine. Methionine is extensively degraded by the method of hydrolysis used and was not studied.
Utilization of purines and pyrimidines. Table 6 shows that labeled adenine, guanine, cytosine, and uracil are readily incorporated by the Reiter treponeme. Of the radioactivity from these compounds, 96 to 98% appeared in the nucleic acids and 3.6% or less of the activity was found in the cold acid-soluble fraction. No 24 .0 (18) . Almost all of the glucose label was associated with the water-soluble portion of the lipids. Very little label was in the fatty acids which com- 25.9 prise the major portion of the lipid molecules ( thymine label by uracil is more than sufficient to account for the total number of "thymine" counts incorporated. Deoxyadenosine was added to the medium to induce thymine uptake (8) . Only a slight increase in the number of counts incorporated was noted. The microscopic appearance and nephelometer readings of the cultures containing the deoxyadenosine were the same as the cultures grown without the deoxyadenosine. activity of the culture supernatants. Analyses of the culture supernatants showed that about half of the glucose was consumed. Soluble products of the fermentation of the glucose presumably contributed the remainder of the radioactivity. Approximately 4% of the glucose consumed was incorporated, and this contributed 36% of the total cellular material ( Table 9) .
Utilization of bicarbonate. The Reiter treponeme was grown in the presence of 'IC-labeled bicarbonate. The majority of label was associated with the cell protein with lesser amounts in the other cell fractions ( acid. The location of the label in the other cell fractions was not determined. Contributions to the cellular material. To determine the importance of the various nutrients in the semidefined medium as sources of cellular material to the Reiter treponeme, the contribution of the compounds studied to the total dry weight of the organism was calculated. The calculation is based on the specific activity of the com-- (12) . In contrast to their findings, alanine and proline but not hydroxyproline were present in our protein preparations. The amino acid composition of the Reiter treponeme protein is not unique. It is quite similar to the composition of the protein of Leptospira (12, 17) and Escherichia coli (26) .
Utilization of incorporated amino acids. Since our test medium contained amino acids, it was unlikely that we were able to determine fully the capability of the Reiter treponeme to metabolize amino acids. Leucine, isoleucine, phenylalanine, valine, tyrosine, glycine, alanine and aspartic acid were incorporated into the treponemal protein but were not utilized for the synthesis of other amino acids. Lysine may also belong to the same category as the above amino acids. The unidentified compound which accompanied lysine in the protein may be a product of the acidic hydrolysis of lysine. Carbon from alanine and glycine was incorporated to a very limited extent into the nucleic acids of the Reiter treponeme. None of these amino acids appears to be used as an energy source since over 94% of the label of the amino acids remained in the protein fraction and no volatile material originating from these amino acids was detected in the supernatant. This conclusion is in agreement with the results of Barban (1) who found that these amino acids were in the category of those "not readily attacked by washed cells" of the Reiter treponeme.
The amino acids arginine, histidine, serine, threonine, and glutamic acid were converted to one or more other amino acids, and volatile material was produced from histidine and -glutamic acid, suggesting that these amino acids may serve as an energy source for this treponeme.
Barban (1) Table 9 ). The Reiter treponeme differs in this respect from the Leptospira, aerobic spirochetes which do not utilize glucose to any great extent (7) . It is similar to other spirochetes such as T. zuelzerae (34), T. macrodentium (28), Spirochaeta stenostrepta (11), S. aarantia (4) , and S. recurrentis (6) which require glucose or another fermentable carbohydrate.
Synthesis of amino acids. Steinman et al. (31) found phenylalanine, tryptophan, aspartic acid, arginine, methionine, lysine, leucine, glutamic acid (or proline), isoleucine, valine, threonine, cysteine, and histidine essential for growth of the Reiter treponeme to occur and tyrosine and serine necessary to accelerate growth. Alanine and glycine had no effect on the growth of the Reiter treponeme. We have no evidence that the Reiter treponeme can synthesize phenylalanine, tyrosine, arginine, lysine, leucine, isoleucine, valine, threonine, or histidine under our test conditions. The specific activities of isoleucine, phenylalanine, valine and tyrosine in the test medium were calculated and found to be the same as the specific activities of these amino acids in the protein. This suggests that these amino acids were not synthesized. This also indicates that these amino acids were incorporated from the test medium as the free amino acids and not demonstrably as the peptides or polypeptides. Lysine, arginine, leucine, phenylalanine and valine, free amino acids present in the highest concentrations in the thioglycolate medium, account for about 30% of the cellular material (Table 9) .
From the data in Table 5 , it is concluded that the Reiter treponeme can synthesize glycine, serine, alanine, aspartic acid, glutamic acid, proline, and possibly ornithine. Barban (2) found that aspartic acid, glutamic acid, glycine, and alanine were produced by cell-free extracts of the Reiter treponeme. Incorporated glycine, serine, alanine, aspartic acid, and glutamic acid make small contributions to the total cellular material ( Table 9 ). The specific activities of the above amino acids in the Reiter treponeme protein are all substantially less than the specific activities of the corresponding amino acids in the medium, suggesting that these amino acids are synthesized. More of the glutamic acid in the protein of the Reiter treponeme comes from exogenous histidine than from any other exogenous amino acid, including exogenous glutamic acid ( Table 5 ).
The production of glycine from serine (33) and of proline from glutamic acid (33) has been studied in other organisms. We have no indication that these pathways are different in the Reiter treponeme. That so much of the radioactivity of threonine appears in glycine suggests that the Reiter treponeme possesses threonine aldolase activity (23) .
The incorporation of carbon dioxide is important to a number of microorganisms. It is stimulatory or required by various streptococci (20) , T. zuelzerae (34), virulent T. pallidum (24) , and Staphyloccocus aureus (10) . In Streptococcus faecium var. durans (20) and in S. aureus (10) , radioactivity in the protein fraction from incorporated '4C-bicarbonate appears in aspartic acid.
The occurrence of nicotinamide adenine dinucleotide-dependent isocitric dehydrogenase activity in cell suspensions of the Reiter treponeme has been demonstrated (32) ; however, we found no radioactivity from bicarbonate to occur in glutamic acid. Its presence in aspartic acid suggests that the fixation probably occurs in a reaction involving pyruvate or phosphoenolpyruvate.
Utilization of purines and pyrimidines. Steinman et al. (31) found either cytosine or uracil to be essential for the growth of the Reiter treponeme and adenine to be acceleratory. They found that thymine was not effective in promoting growth. This is in agreement with our finding that the Reiter treponeme does not utilize thymine (Table 7 ). The property of not utilizing thymine seems to be common among bacteria. This is the situation for E. coli, Bacillus subtilis, B. megaterium, Salmonella typhimurium (8) , and the Leptospira (17, 18) . E. coli cells take up thymine in the presence of deoxyadenosine (8, 19) . Inducing the uptake of thymine by providing cells of the Reiter treponeme with deoxyadenosine is not effective.
Metabolism of fatty acids. We find that little or no carbon from the labeled fatty acids appears in fractions other than the lipid fraction and that no detectable volatile material is produced from the fatty acids. Little or no carbon from glucose appears in the fatty acids and only a small amount of label from the amino acids is found in the lipid fraction. Therefore, our work suggests that fatty acids are neither synthesized nor degraded to any appreciable extent. These results are in agreement with those of Johnson et al. (15) who reported that the incorporation of isotopically labeled fatty acids by the Kazan 5 strain of cultivable T. pallidum was restricted to the fatty acid fraction of the cell. They found that 83 to 99% of the label present in the cell remained in the original labeled fatty acid added to the culture medium. The lack of any appreciable fatty acid chain shortening or elongation and the absence of desaturation of the fatty acids were demonstrated.
Reiter treponemes are markedly different in the utilization of fatty acids from the Leptospira, which are aerobic spirochetes that utilize longchain fatty acids as a major carbon and energy source (14) . However, Reiter treponemes are like the Leptospira in that both spirochetes cannot synthesize fatty acids de novo and therefore have definite fatty acid requirements for growth (16, 25) . Both spirochetes have a high lipid content (12) .
